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Unique Properties of Fetal Lymphoid Progenitors
Identified According to RAG1 Gene Expression
whether all B, T, and NK lymphocytes are made from
cells with these particular characteristics (Kincade et
al., 2002a). However, the Lin c-kitLo fraction is a rela-
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quickly generate B, T, NK, and lymphoid dendritic cellsOklahoma Medical Research Foundation
(Kouro et al., 2001, 2002; Manz et al., 2001; Izon et al.,825 N.E. 13th Street
2001). This collection of marrow precursors includesOklahoma City, Oklahoma 73104
cells with multiple lymphocyte differentiation options2 Department of Immunology
that are unlikely to have nonlymphoid fates under normalKumamoto University School of Medicine
circumstances. Cells with closely comparable proper-2-2-1 Honjo
ties have not been described in fetal tissues (Douagi etKumamoto, 860-0811
al., 2002b; Katsura, 2002; Mebius et al., 2001).Japan
Recent studies indicate that lymphoid and myeloer-
ythroid potentials begin to segregate at an even earlier
stage in adult marrow. A unique set of estrogen-sensitiveSummary
Lin TdT cells were found in a small c-kitHi Sca-1Hi IL-
7R subset of murine bone marrow and differed fromRAG1/GFP knockin mice were exploited to isolate and
long-term repopulating stem cells in that fraction on thecharacterize fetal lymphoid progenitors. CD11b and
basis of CD27 and Flk2/Flt3 expression (Medina et al.,IL-7R are expressed in a developmental stage-
2001). In addition to cells that could slowly generate Bdependent fashion, revealing how substantial num-
and T lineage lymphocytes, the subset also includedbers of early lymphoid progenitors were discarded or
hormone-resistant myeloid progenitors. Using a strainneglected in previous studies. The myeloerythroid po-
of GFP knockin mice, activation of the RAG1 locus wastential of fetal progenitors in clonal assays declined
then found to be an early event, and this provided ain synchrony with activation of the RAG1 locus but was
means for purification of early lymphoid progenitorsnot completely extinguished. Lymphoid differentiation
(ELP) (Igarashi et al., 2002). The primitive nature of ELPcorresponded to patterns of gene expression pre-
was indicated by a lack of detectable transcripts corre-viously found for adult marrow, but no fraction of fetal
sponding to IL-7R, Pax-5, Aiolos, and Ig while initia-liver was enriched with respect to B  T progenitors.
tion of Ig gene rearrangement was found to be a surpris-Also, unlike adults, fetal lymphoid progenitors tran-
ingly early event. ELP had greatly reduced myeloidsiently expressed endothelial cell markers. These find-
differentiation potential in recombinant cytokine-con-ings help to reconcile discrepancies in previous re-
taining cultures, unless cells were included that had lowports and suggest that the fetal immune system arises
amounts of GFP. We stressed that while these micevia unique mechanisms.
provide a powerful experimental tool for studying early
events, ELP are unlikely to be homogeneous and are notIntroduction
necessarily inclusive of all partially committed lymphoid
progenitors. Nonetheless, the results support the notionThere is accumulating evidence that the process of lym-
that lymphoid lineage specification initiates when mar-phopoiesis differs in fetal and adult life (Kincade et al.,
row progenitors have some surface properties in com-
2002b). For example, interleukin 7 (IL-7) is essential in
mon with stem cells. A similar conclusion was reached
adults, but not for the fetal wave of lymphocyte produc-
about the most primitive lymphocyte progenitors that
tion (Carvalho et al., 2001; Crompton et al., 1998). As are present within the thymus (Allman et al., 2003). It is
another dramatic difference, only early arising stem cells important to know whether ELP have fetal counterparts.
depend on the SCL transcription factor (Mikkola et al., In parallel with studies of adult bone marrow, many
2003b). It is unclear to what extent fetal hematopoietic investigators have explored initial sites for blood cell
cells are intrinsically unique, and it is important to learn formation in embryos. A consensus is emerging that
which of their properties result from local environmental there are at least two, and possibly more, places where
cues. Additionally, some developmental stage-related stem cells arise de novo (Dzierzak, 2002; Oberlin et al.,
changes may be more apparent than real for technical 2002). The first, extraembryonic event does not yield
reasons. The main goal of this study was to identify efficient lymphocyte progenitors or definitive erythro-
lymphoid progenitors in murine fetal liver and compare poiesis. Stem cells then emerge from hemogenic endo-
them to their closest counterparts in adult marrow. thelium within the yolk sac and paraortic-splanch-
A lineage marker negative (Lin) IL-7R c-kitLo Sca- nopleura under the combined influence of CBFB and
1Lo Thy-1.1 fraction of murine bone marrow contains Runx-1 transcription factors (Speck and Gilliland, 2002).
lymphoid-restricted progenitors that are not extensively The relationship of this cohort of hematopoietic stem
renewing (Kondo et al., 1997). Although designated cells to ones that sustain the immune system throughout
common lymphoid progenitors (CLP), it is unclear life is not certain, and many age-related changes in this
process have been found (Kincade et al., 2002b). For
example, the phenotype of stem cells changes with re-*Correspondence: kincade@omrf.ouhsc.edu
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spect to CD34, AA4.1, Flk2, CD41, and Mac-1 antigens
(Ogawa, 2002; Godin et al., 1995; Trevisan and Iscove,
1995; Morrison et al., 1995; Mikkola et al., 2003a; Jordan
et al., 1990). Early lymphoid progenitors in adult, but not
fetal, tissues can be regulated by estrogen because the
corresponding hormone receptors are acquired after
birth (Igarashi et al., 2001). As noted above, special dif-
ferentiation pathways may be utilized for production of
myeloerythroid, B, T, and NK cell lineages in embryos
(Katsura, 2002). We now report that while fetal liver cells
with an active RAG1 locus have little potential for non-
lymphoid differentiation, they differ in several respects
from their adult counterparts and transiently display sev-
eral endothelial cell antigens. Furthermore, the ability of
purified subsets of fetal progenitors to yield B, T, and
myeloid lineage cells was markedly dependent on cul-
ture conditions.
Results
Identification of Putative Lymphoid
Progenitors in Fetal Liver
A first goal of our studies was to find sorting conditions
that could be exploited to isolate all putative lymphoid
progenitors from fetal tissues. Antibodies to CD11b/
Mac-1, Ly6G/Gr-1, TER-119, CD45R/B220, CD19, CD2,
CD3, and CD8 are typically used to deplete maturing
blood cell progenitors in studies of stem and progenitor
cells. Additional markers that have been employed for
isolation of subsets of these lineage negative (Lin) cells
include c-kit, Sca-1, IL-7R, and AA4.1. Reasoning that Figure 1. Characteristics of Fetal Lymphoid Progenitors Rapidly
RAG1 locus activation should define most lymphoid pro- Change with Gestational Age
genitors, we studied heterozygous RAG1/GFP knockin Sorting from liver of heterozygous RAG1/GFP knockin fetuses at
the indicated gestational ages enriched GFP cells. The cells wereembryos. Approximately 0.6%, 0.8%, and 1.4% of the
then stained with APC-anti-Mac-1, PE-anti-IL-7R, APC-anti-c-kit,nucleated liver cells were GFP positive on days 13, 14,
or PE-anti-Sca-1 before analysis by flow cytometry.and 15 of gestation, respectively. A new gating strategy
was used to specifically isolate those cells (see Experi-
mental Procedures) that were then screened with re-
comparison to previous studies of lymphopoiesis in fetalspect to all of these antigens. While CD11b/Mac-1 is
and adult tissues. Virtually all of the GFPHi cells andexpressed by less than 1% of lymphoid cells in adult
approximately half of the GFPLo cells in 14 day liverbone marrow, most of the GFP cells, and especially
expressed CD45R/B220. More than 60% of the GFPHithe weakly fluorescent cells in E13 liver, displayed this
cells but only 2%–3% of the GFPLo cells expressedmarker (Figure 1 and data not shown). Furthermore, lev-
CD19. Approximately 10% of the GFPLo cells wereels of expression rapidly changed within the next 2 days
Thy1.2, and 48% of those were IL-7R (see Supple-of gestation. Expression of the IL-7R on GFP cells
mental Figure S1 at http://www.immunity.com/cgi/content/also fluctuated markedly as a function of gestational
full/19/3/365/DC1). AA4.1, a marker extensively used forstage (Figure 1). All GFP cells were CD44, and ones
studies of fetal progenitors (Godin et al., 1995), wasexpressing the Flk2/Flt3 cytokine receptor declined with
present on all GFPHi cells and approximately 70% of thegestational age (data not shown). It is clear that none
GFPLo cells in E14 fetal liver (Supplemental Figure S2).of these markers should be included in sorting strategies
These findings demonstrate rapid changes in the phe-because widely varying numbers of GFP cells would
notypes of fetal lymphoid cells and show that sortingbe discarded depending on developmental stage.
strategies for fetal progenitors must be very carefullyLevels of c-kit decline as early lymphoid progenitors
designed. Sufficient cells were available at 14 days ofmature in adult bone marrow (Payne et al., 1999; Medina
gestation for extensive analysis, and all subpopulationset al., 2001; Igarashi et al., 2002), and this appeared to
of GFP cells were well represented. Therefore, thisbe a reciprocal function of GFP density for most putative
stage was used for all subsequent studies.lymphoid progenitors in embryos (Figure 1). That is, c-kit
decreased as higher amounts of GFP were expressed.
Stem cells and early progenitors in marrow express high Candidate Lymphoid Progenitors from Embryos Have
Less Myeloerythroid Differentiation Potential Thanlevels of Sca-1, and the relative abundance of GFP
cells with this characteristic declined with gestational Comparable Cells from Adult Marrow
Marrow cells with moderately high levels of RAG1 wereage (Figure 1).
Additional characterizations were performed to allow previously found to have greatly reduced potential for
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myeloerythroid differentiation (Igarashi et al., 2002), but
many other studies suggest that it is more difficult to
demonstrate lymphoid restricted progenitors from em-
bryos (Douagi et al., 2002b; Katsura and Kawamoto,
2001; Mebius et al., 2001). The flow cytometry findings
discussed above suggested a sort strategy that would
allow direct comparison of GFP cells from fetal and
adult tissues. Depletion of lineage marker positive cells
was not used prior to an initial sort according to GFP
density. We previously found that transcripts for RAG1
and RAG2 closely corresponded to GFP expression in
bone marrow cells isolated from RAG1/GFP mice (Igara-
shi et al., 2002). The same was true with fetal cells (Figure
2A). Three populations (GFP, GFPLo, and GFPHi) were
sorted again according to c-kit and Sca-1, markers that
should decline as a function of differentiation (Figures
2B and 2C). The relative abundance of cells in each of
ten subsets in fetal and adult suspensions was quite
different, but comparable fractions could be isolated,
and eight of these were subjected to rigorous analysis.
Two other GFP fractions that had no Sca-1 and little
or no c-kit were found to lack differentiation potential
in culture (data not shown) and may represent erythro-
blasts (see below). A small population of GFPHi Sca-1
c-kit cells was resolved in fetal liver (Figure 2B), but
further analysis revealed them to be at the lowest range
of GFPHi cells and to have intermediate functional prop-
erties between the GFPLo and GFPHi cohorts. Adult mar-
row, but not fetal liver, contained a significant subset of
GFPLo/Sca-1c-kit cells that could not be expanded in
culture and was not considered further (data not shown).
The remaining populations span all stages of lympho-
hematopoiesis, beginning with primitive Sca-1 c-kitHi
stem/progenitor cells. We predicted that downregula-
tion of these two markers, together with activation of
the RAG1 locus, would correspond to progression in
lymphoid lineages.
Nonlymphoid progenitors clone with high efficiency
in methylcellulose cultures containing the recombinant
cytokines SCF, IL-3, IL-6, and erythropoietin (Figure 3).
As expected, fractions of marrow or liver with no GFP
expression were particularly active in these assays while
GFPHi subsets included no myeloerythroid progenitors.
It is interesting that GFPLo Sca-1 c-kitHi marrow cells
actually had more nonlymphoid differentiation potential
than fetal cells with similar characteristics, and this was
the case in three independent experiments. Low, but
consistently detectable numbers of macrophage col-
ony-forming cells were even present in the Sca-1 c-kitLo
fraction of GFPLo marrow cells, while none were pro-
duced from the comparable fetal subset. We conclude
that the potential for myeloerythroid differentiation in
methylcellulose cultures is dramatically downregulated
in synchrony with RAG1 expression in embryos.
(B and C) Sorting profiles are shown for presumptive lymphoid pro-
genitors in fetal liver and adult marrow. Two fluorescence channels
Figure 2. A New Sorting Strategy Permits Isolation of All RAG1- were used without compensation to discriminate autofluorescence
Expressing Progenitors from Fetal and Adult Tissues from genuine GFP fluorescence. Cells sorted on this basis were then
(A) The validity of sorting according to levels of GFP and correspon- stained with Sca-1-PE and c-kit-APC as well as 7AAD to discriminate
dence with RAG expression was tested by RT-PCR analysis of cells dead cells during sorting a second time with the indicated gates.
from liver (E14) or adult bone marrow (10 weeks). Percentages are given for cells in each fraction.
Immunity
368
than would be predicted from the methylcellulose or
defined culture experiments described above. Although
most of the originally sorted GFPLo fractions had low
levels of Mac-1 (see Figure 1A), Mac-1Bright cells with
typical myeloid light scatter characteristics were har-
vested from these cultures. We conclude that MS-5
stromal cells suppress relatively differentiated fetal
lymphoid progenitors, while revealing the latent poten-
tial for production of nonlymphoid lineage cells by other
fractions.
Concurrently, reaggregated fetal thymus organ cul-
tures were used with the same fractions in order to
assess their potential for T lineage lymphocyte differen-
tiation. Sorted cells were mixed with dissociated fetal
thymus stromal cells, reaggregated into single lobes by
centrifugation, and cultured with cytokines (SCF, IL-7,
and IL-3) in a high oxygen atmosphere. This method
should obviate differences between fractions with re-
spect to their ability to penetrate the thymus capsule.
As shown in Figure 5, GFPLo c-kitLo fractions effectively
generated T lineage cells in these cultures. A somewhat
broader range of GFPLo fractions, including c-kitHi, re-
sponded when IL-3 was omitted from these reaggregate
cultures (data not shown). It is noteworthy that T cell
progenitor activity did not correspond to fractions rich
in B lymphopoietic potential in either stromal cell-free
or stromal cell-containing culture systems (compare to
Figure 4). In additional experiments, B cells were pro-Figure 3. The Myeloerythroid Potential of Fetal Progenitors Is
Downregulated in Parallel with RAG1/GFP Expression duced in all of seven sublethally irradiated (400 Rad)
The sorted fractions from liver (E14) or adult bone marrow (10 weeks) RAG1/ mice transplanted with 104 GFPLo c-kitHi Sca-1
were subjected to methylcellulose assays (250 cells per dish) to cells, while T cells emerged in two of those animals. In
determine their potential for clonal growth as CFU-GM, BFU-E, and contrast, no T cells were produced in ten recipients of
CFU-GEM(M). The results shown are representative of three inde-
GFPHi c-kitLo Sca-1 cells, while B cell reconstitutionpendent experiments (mean  SD).
occurred in nine of these mice. These studies demon-
strate that functional progenitors for B and T cells may
be enriched on the basis of RAG1 locus activation andPotential for Generation of Lymphoid and Myeloid
further resolved into separate populations according toCells from Fetal Progenitors Is Highly Dependent
differentiation markers. However, the fate of those highlyon Culture Conditions
enriched subsets in vitro can vary according to cultureSorted fractions of liver were seeded into defined serum-
conditions.free cultures containing only recombinant SCF, FL, and
IL-7 (Figure 4A). Under these conditions, virtually pure
populations of CD19 lymphocytes were recovered from Gene Expression Patterns in Fetal Progenitors
Reflect Differentiation Trendscultures initiated with the two GFPHi fractions, and cells
with low levels of c-kit had the highest potential to gener- We previously characterized ELP in adult bone marrow
with respect to gene expression (Igarashi et al., 2002),ate lymphocytes when calculated on a per cell basis
(Figure 4A, lower panel). Although small numbers of and the same has now been done with fetal liver frac-
tions (Figure 6). The findings suggest that the earliestMac-1 cells could be observed by flow cytometry in
cultures initiated with either GFPor GFPLo Sca-1 c-kitHi lymphocyte progenitors in day 14 embryos reside in
fractions with low levels of RAG1. That is, transcriptsfractions, these cytokines did not favor their expansion.
Thus, these conditions preferentially allowed detection for IL-7R and EBF were clearly detected in those sub-
sets, and markedly increased in GFPHi fractions. B29/of relatively differentiated lymphoid progenitors.
All fractions were also tested in a more complex situa- Ig- was just detectable in a larger number of fractions,
including some that had no evidence of RAG1 locustion, where MS-5 stromal cells were present along with
the same recombinant cytokines and for the same 10 activation. Extremely low level transcription of mb1/Ig-
and Pax-5 genes may have occurred in GFPLo cells butday culture interval (Figure 4B). It was surprising to find
that the GFPHi subsets were unable to produce B lineage were all highly upregulated in more differentiated GFPHi
progenitors. As expected, the E47 component of thelymphocytes in this circumstance, and only small num-
bers of myeloid cells were recovered from the culture E2A gene was widely expressed in all fractions. Tran-
scripts for Aiolos were present at high levels in only thewells. Although less efficient than the defined culture
conditions discussed above, lymphocytes were pro- most differentiated GFPHi c-kit Sca-1 subset of liver.
GATA3, the transcription factor required for T lympho-duced from most of the GFPLo subsets in these stromal
cell cocultures. Furthermore, Mac-1 cells were gener- poiesis, was expressed in GFP c-kitHi Sca-1 cells and
slightly upregulated in GFPLo c-kitLo fractions. Interest-ated from GFPLo progenitors in much larger numbers
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Figure 4. Particular Culture Conditions Reveal B and Myeloid Lineage Differentiation Potential of Fetal Progenitors
The sorted fractions from E14 liver were cultured in serum-free stromal cell-free medium that favors B lineage growth (A) or in coculture with
MS-5 stromal cells that can support production of myeloid cells and B lineage cells (B). The eight panels of flow cytometry data in the upper
portions of each figure show percentages of Mac-1 and/or CD19 cells produced. The bar graphs depict yields, i.e., numbers of each type
of cell recovered per input progenitor.
ingly, expression was completely shut off in GFPHi frac- 7A). We now report that most of them expressed the
endothelial cell associated antigens CD31/PECAM-1tions. Thus, patterns of GATA3 expression are consis-
tent with T lineage potential being particularly high in and CD34, while some of those additionally displayed
VE-cadherin. GFPLo cells were then sorted from E13 liver,the GFPLo subsets. GATA1 is required for erythropoiesis,
and expression was virtually restricted to GFP cells. further resolved on the basis of c-kit density, and exam-
ined for staining with the same endothelial cell markersSimilarly, GATA2 transcripts required for early progeni-
tor survival (Tsai and Orkin, 1997) were easily detectable (Figure 7B). The presumably primitive c-kitHi fraction uni-
formly expressed CD34 and CD31, and some of themin the GFP c-kitHi Sca-1 fraction, which presumably
includes the most primitive cells. GATA2 expression was displayed VE-cadherin. However, these properties were
not characteristic of all cells in the presumably moredownregulated along with RAG1 activation and was un-
detectable at GFPLo c-kitLo stages. These results suggest differentiated c-kitLo population. Approximately 15% of
GFPLo c-kitHi cells displayed the angiopoietin receptorthat accumulation of high levels of GFP in fetal progeni-
tors corresponds with physiological commitment to the Tie2, but none expressed the vascular endothelial growth
factor receptor 2 (VEGFR2/Flk1) (data not shown). CD34B lymphocyte lineage. In addition, findings regarding
GATA1 and GATA2 expression together with the culture expression on these candidate lymphocyte progenitors
was transient, being downregulated on E15 and essen-results indicate that RAG1 expression marks loss of
myeloerythroid potential. tially absent in adult marrow (Figure 7C). While adult
GFP cells also lacked VE-cadherin, CD31 was still ex-
pressed (data not shown). These interesting results indi-Primitive Lymphoid Progenitors in Embryos
Express Endothelial Markers cate that the first wave of lymphoid progenitors may
have recently derived from hemogenic endothelial cells.Hematopoietic stem cells arise from bipotent hemo-
genic endothelium and share some properties with en- Their surface properties rapidly change as a function of
gestational age (see also Figures 1 and 2 above).dothelial cells at early developmental stages (Nishikawa
et al., 1998; Oberlin et al., 2002). Separate experiments
revealed that rare GFP cells were present in embryos Discussion
as early as day 10.5–11 of gestation (J.H., unpublished
data), and sufficient GFP cells were available from One aim of this study was to determine why differentia-
tion models constructed from studies of fetal tissueswhole dissected embryos for characterization (Figure
Immunity
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Figure 6. Patterns of Lymphohematopoietic Gene Expression Sug-
gest a Sequence of Lymphoid Differentiation Events
Fractions were sorted from E14 liver of RAG1/GFP knockin heterozy-
gotes (see Figure 2B). Semiquantitative RT-PCR was then used to
amplify transcripts for the indicated genes, and the results were
normalized according to -actin expression.
Many studies have demonstrated that stem/progeni-
tor cells in embryos express surface markers not usually
found on their adult counterparts. For example, most of
Figure 5. T Lymphocyte Progenitors Are Enriched in GFPLo C-kitLo the stem cell activity in day 14 liver is reportedly in
Fractions fractions displaying low levels of lineage-associated
The eight sorted fractions from E14 liver were reaggregated in fetal markers such as CD45R/B220 and CD11b/Mac-1 (Jor-
thymus lobes and cultured with SCF, IL-7, and IL-3. Two weeks dan et al., 1990; Morrison et al., 1995). CD41 is associ-
later, cells were harvested and stained with mAbs to CD4 and CD8.
ated with fetal but not adult stem cells in mice andThe upper panels illustrate staining patterns and the bar graphs
humans (Mikkola et al., 2003a). Two other studies founddepict cell yields.
that fetal cells with high T lymphoid differentiation po-
tential expressed low levels of CD45R (Sagara et al.,are so different from those derived from experiments
1997; Douagi et al., 2002a). Although an extremely rarewith adult bone marrow. Patterns of surface marker ex-
subset of CD45R cells in adult marrow of pre-T trans-pression on fetal lymphoid progenitors were quite differ-
genic mice were recently found to colonize the thymusent from their adult counterparts and subject to rapid
(Gounari et al., 2002), this marker is not expressed onchange with gestational age. Therefore, we developed
the majority of lymphocyte progenitors in that site. MHCa new sorting strategy that would permit more direct
molecules are poorly expressed on fetal hematopoieticcomparison between the two. Activation of the RAG1
cells while the AA4.1 marker and CD34 are downregu-locus in fetal cells was more synchronous with loss
lated on stem cells of fully mature mice (Orlic et al.,of myeloerythroid differentiation potential than was the
1993; Ogawa, 2002). We now show that most of the cellscase for adult marrow cells. However, nonlymphoid op-
in fetal RAG1/GFP mice with threshold activation of thetions were not completely lost in fetal GFPLo cells and
RAG1 locus transiently express Mac-1 and some arecould be revealed in certain stromal cell cocultures. Fur-
also positive for the Thy1.2 antigen. Approximately 50%thermore, the efficiency of B lineage lymphocyte pro-
of the GFPLo cells were CD45RLo, and all of the GFPHiduction by a given subset of liver cells was highly depen-
cells in fetal liver expressed this marker.dent on culture conditions. The first wave of lymphoid
Studies of adult marrow typically begin by depletionprogenitors shares some markers with endothelial cells,
of all cells that express such antigens, but this is clearlya possible reflection of their origin. These observations
inappropriate for studying fetal lymphoid progenitors.help to reconcile differences in previous reports and
Therefore, our strategy involved initial selection on thesuggest that fetal lymphopoiesis involves differentiation
basis of RAG1 locus activation, followed by additionalpathways unlike those utilized within adult marrow.
separations based on densities of c-kit and Sca-1. WeHematopoietic stem cells with lymphocyte differentia-
found that c-kit levels were inversely proportional totion potential may independently arise in the yolk sac
GFP in most fetal cells, consistent with the fact thatand paraortic splanchnopeura/aorta gonad mesoneph-
c-kit is progressively downregulated with differentiationros (AGM) area (Dzierzak, 2002; Oberlin et al., 2002).
in adult marrow (Payne et al., 1999). Sca-1 densitiesHowever, we focused this analysis on fetal liver because
declined even more abruptly as amounts of GFP in-it is the first and most important site for extensive lym-
creased in these embryos. Endogenous RAG1 andphocyte production. A developmental stage (day 14)
RAG2 transcripts were present in cells sorted on thewas selected when progenitors are sufficiently abundant
but not diluted by large numbers of mature lymphocytes. basis of low to high GFP, confirming our previous finding
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Figure 7. Early Lymphoid Progenitors Transiently Express Endothelial Cell Markers
(A) Cells physically dissociated from E10.5–11 embryos were sorted into GFP and GFP populations, and stained with anti-PECAM-1 or anti-
VE-cadherin Abs followed by biotinylated anti-CD34 Ab and streptavidin-APC.
(B) GFPLo cells were sorted from E13 fetal liver and then stained with the same endothelial cell markers (PECAM-1, VE-cadherin, CD34) and
APC-anti-c-kit.
(C) GFP and GFP cells were sorted from liver or adult bone marrow and stained with biotinylated anti-CD34 followed by streptavidin-PE-TR.
that this indicator accurately signals activation of the capability was even more obvious in the present studies,
where no lineage depletion was done prior to sortingRAG1 locus (Igarashi et al., 2002). The GFP protein is
unlikely to degrade at the same rate as native RAG1 according to very low levels of GFP. Thus, some non-
lymphoid progenitors among the adult marrow GFPLoprotein, but the ratio of GFPHi to GFPLo cells changed
rapidly with gestational stage, and maturing GFP cells cells must be lost with the lineage depletion step. Re-
gardless, when clonal proliferation is used as an index,that previously expressed RAG1 should be rare in day
14 liver. While many of the GFPHi cells were CD19, this fetal GFP cells were actually less capable of myeloer-
ythroid differentiation than adult marrow cells sorted inrelatively late marker was not found on any GFPLo or
GFP cells. For these reasons, we predicted that GFPLo exactly the same way. The findings indicate that most
of the nonlymphoid potential in primitive progenitors isSca-1 c-kitHi cells represent the earliest candidates for
lymphoid progenitors. Progression in one or more lost on activation of the RAG locus.
Other assays were then used to evaluate the lymphoidlymphoid lineages should be accompanied by increased
GFP expression, along with loss of c-kit and Sca-1. differentiation potential of liver fractions, and the out-
come was found to be extremely dependent on cultureWe determined the nonlymphoid differentiation po-
tential of fetal and adult progenitors sorted under identi- conditions. The c-kitLo Sca-1 GFPHi cells from embryos
exclusively generated CD19 lymphocytes under de-cal conditions, i.e., without lineage depletion and using
positive selection for GFP expression. Myeloerythroid fined stromal cell-free conditions (Figure 4A). However,
the results were quite different when the same fractionsprogenitors have very high cloning efficiencies in meth-
ylcellulose cultures, and approximately 50% of c-kitHi were placed on layers of MS-5 stromal cells (Figure 4B).
Some potential for lymphopoiesis seen with stromal cell-Sca-1 GFP fetal cells formed colonies under these
conditions (Figure 4). Fetal cells with threshold amounts free cultures was lost in this circumstance, and lymphoid
progenitors with more primitive characteristics were ac-of GFP had less than one-fifth of this activity and were
surprisingly different from adult cells in this respect. We tive. Importantly, substantial numbers of Mac-1Hi my-
eloid cells were produced from GFPLo fractions that dis-noted in our previous report (Igarashi et al., 2002) that
some adult GFPLo, but not Lin GFPHi c-kitHi Sca-1Hi, cells played minimal nonlymphoid activity in methylcellulose
cultures (compare to Figure 3). We conclude that MS-5retained potential for generating nonlymphoid cells. This
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cells preferentially suppress some lymphoid progenitors how cellular representation of this cytokine receptor cor-
responds to the fractions we prepared on the basis ofwhile revealing lymphoid as well as nonlymphoid pro-
genitor activity in more primitive cells. GFPLo lymphoid RAG1. The proportion of GFPLo liver cells that display
detectable surface receptors changed rapidly betweenprogenitors in embryos might be reprogrammed to
adopt other fates by certain culture conditions as re- 13 and 15 days of gestation (Figure 1). At the 14 day
stage used for most of our experiments, approximatelycently suggested by Spangrude (2002). However, it is
equally possible that primitive cells with threshold levels 30% of the GFPLo cells were IL-7R, and all cells were
cytokine receptor positive 1 day later. Developmentalof RAG1 retain multiple options and only become lineage
restricted with subsequent maturation. These observa- age-related changes of this kind caused great contro-
versy with respect to whether murine stem cells expresstions provide a rational basis for understanding discrep-
ancies between studies conducted with different meth- CD34 (Ogawa, 2002), advising caution in using IL-7R
as a marker for fetal lymphoid progenitors. It is alsoodologies. It is interesting that Lin CD34 CD10
CD19 cells from adult human bone marrow had minimal noteworthy that IL-7R transcripts are present in yolk
sac CD34 cells, even though this is probably not aactivity in colony assays with recombinant cytokines,
but these “common lymphoid progenitors” generated source of lymphoid lineage cells (Yoder et al., 1997;
Douagi et al., 2002b). The Sca-1Hi c-kitHi GFP lympho-myeloid cells in stromal cell cocultures (Galy et al., 1995).
While fully committed myeloerythroid progenitors effi- cyte progenitors we recently described in adult marrow
were completely negative with respect to IL-7R (Igara-ciently expand in defined conditions, more complex
stimuli may be needed to support lineage-nonrestricted shi et al., 2002), but low levels of transcripts were de-
tected in presumably primitive GFPLo fractions of fetalcells.
An organ culture system was used to assess T lym- liver. Expression of the IL-7R gene may occur at an
earlier stage and in larger numbers of cells during embry-phocyte lineage differentiation potential of fetal progeni-
tors (see Experimental Procedures). This was based on onic life.
We stress that none of the early hematopoietic frac-the knowledge that even integrin-deficient cells can dif-
ferentiate if physically reaggregated with thymic stromal tions are likely to be homogeneous, and the differentia-
tion process probably does not occur in synchronouscells (Potocnik et al., 2000). SCF, IL-7, and IL-3 were also
added because of their reported potential to support T, fashion. The focus of this discussion has been on cells
with threshold amounts of RAG1 because we assumeB, and myeloid cell production (Kawamoto et al., 2000).
Only GFPLo c-kitLo progenitors generated T lineage cells they are the least differentiated lymphoid cells in em-
bryos. All of the GFPHi cells were CD45R, and manyunder these conditions (Figure 5). It is noteworthy that
other fractions contained most of the progenitors with (60%–80%) were CD19 by day 14 of gestation, consis-
tent with their minimal potential to generate myeloid orB lineage potential (Figures 4A and 4B and data not
shown). We did not identify a category of fetal liver likely T cells in any of our culture systems. Furthermore, many
were IL-7R, and all B lineage-associated genes (Ig-,to be a rich source of B  T progenitors with no myeloid
potential, if indeed such cells exist at that stage (Katsura, Ig-, Pax-5, EBF, and Aiolos) were highly expressed.
These findings suggest that GFPHi liver cells were rela-2002; Mebius et al., 2001).
It is difficult to compare results between studies that tively mature B lineage-restricted cells, and on day 15
small numbers of them displayed surface IgM (data notuse different cell separation strategies. For example,
Mebius and colleagues reported that candidate lymphoid shown). The RAG1-expressing populations in embryos
appear to represent a range of differentiation beginningprogenitors from fetal liver generated some myeloid col-
onies and speculated that lymphoid lineage restriction with c-kitHi Sca-1GFPLo cells and culminating in c-kitLo/
GFPHi subsets. The patterns of gene expression supportmight not have been complete in fetal cells because of
delayed expression of Pax-5 (Mebius et al., 2001). It is that notion.
Blood and endothelial cells have a common embry-important to note that their sorting criteria for fetal cells
were not identical to ones they used for isolation of adult onic origin, and it has been proposed that hematopoietic
stem cells possess potential for endothelial cell produc-progenitors. Nonetheless, the results of our more direct
comparison support the notion that early fetal progeni- tion even in adult life (de Bruijn et al., 2002; Oberlin et
al., 2002; Pelosi et al., 2002). While not directly ad-tors retain nonlymphoid potential that can be demon-
strated under appropriate conditions. On the other hand, dressing that important issue, we now report that the
earliest candidate lymphoid progenitors transiently ex-we previously demonstrated that primitive c-kitHi Sca-
1Hi GFPHi cells isolated from bone marrow did not have press several endothelial cell markers. This is consistent
with one report that thymus-colonizing cells are CD34significant levels of Pax-5 but were largely lymphocyte
restricted (Igarashi et al., 2002). Our analyses of tran- (Suniara et al., 1999) and suggests that fetal cells marked
by RAG1 locus activation are recently derived from hem-scripts in liver fractions were generally consistent with
the marrow observations, and Pax-5 expression ap- ogenic endothelium. The findings demonstrate that
RAG1/GFP mice represent an important tool for ad-pears to be a relatively late event. We found no evidence
that the myeloid potential of fetal lymphocyte progeni- dressing the very earliest events in fetal and adult lym-
phopoiesis.tors results from their failure to express Pax-5 (Mebius et
al., 2001). This is consistent with a recent demonstration Fetal immune system development is unaffected by
steroid hormones because the requisite receptors arethat ectopic Pax-5 expression does not block myelo-
poiesis (Souabni et al., 2002). not expressed by early progenitors until well after birth
(Igarashi et al., 2001). Human lymphoid progenitors alsoA number of laboratories use expression of IL-7R
for lymphocyte progenitor purification (Katsura, 2002; undergo developmental age-related changes, and a
lymphocyte-restricted CD34 CD38 CD7 subset ofMebius et al., 2001). It is therefore important to consider
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two-color diagonal plots. The purity of the sorted cells in the firstumbilical cord blood has no exact parallel in adult bone
step was more than 96%. The sorted cells were incubated with anti-marrow (Rossi et al., 2003). These are some of many
FcR (2.4G2) before staining with PE-anti-Sca-1 and APC-anti-c-kitexamples of fetal/adult differences considered in a re-
antibodies, suspended in 7AAD-containing buffer, and subjected to
cent review (Kincade et al., 2002b). A key question is a second round of sorting. Dead cells stained with 7AAD and a few
whether lymphocytes produced from fetal stem cells contaminating cells with inappropriate GFP levels were gated out,
and the cells were then fractionated according to Sca-1 and c-kitare intrinsically different from those that arise as the
expression (see Figure 2).immune system is replenished during adult life. Resolu-
tion of this point is important for fully exploiting the
Methylcellulose Culturepotential of stem cells for transplantation and tissue
Two hundred and fifty cells of each sorted fraction were culturedregeneration. It may also reveal the basis for neonatal
in Iscove’s MDM-based methylcellulose medium supplemented with
unresponsiveness to vaccination and susceptibility to 50 ng/ml of rm SCF, 10 ng/ml of rm IL-3, 10 ng/ml of rh IL-6, and 3
acute lymphocytic leukemia. units/ml of rh erythropoietin (Methocult GF 3434; StemCell Technol-
ogies, Vancouver, Canada). After 8 days, colonies were enumerated
and classified as CFU-GM/M, BFU-E or CFU-GEM(M) according toExperimental Procedures
shape and color under an inverted microscope. In some experi-
ments, colony types were morphologically certified by examinationMice and Cell Suspensions
of cytospin preparations after May-Grunwald/Giemsa staining.RAG1/GFP knockin mice have been described (Kuwata et al., 2001;
Igarashi et al., 2002). Mice of the corresponding wild-type (WT)
C57BL/6 strain were purchased from The Jackson Labs (Bar Harbor, Stromal Cell-Free, Serum-Free Culture
ME). Mating homozygous male RAG1/GFP knockin mice with WT Details of stromal cell-free, serum-free culture of early lymphocyte
B6 female mice generated heterozygous RAG1/GFP knockin fe- progenitors are described elsewhere (Kouro et al., 2001). In brief,
tuses. This method eliminated the possibility of contamination of sorted cells were cultured in X-VIVO15 medium (Bio Whittaker, Walk-
embryos with adult RAG1/GFP-positive cells in our analyses. The ersville, MA) containing 1% detoxified bovine serum albumin (Stem-
day of vaginal plug observation was considered as day 0 postcoitum Cell Technologies), 2 mM L-glutamine, 5  105 M 2-mercaptoetha-
(E0). Bone marrow cells were obtained from 5- or 10-week-old het- nol (2-ME), 100 U/ml penicillin, and 100 mg/ml streptomycin. Rm
erozygous RAG1/GFP knockin mice. SCF (20 ng/ml), rm Flk2/Flt3 ligand (FL, 100 ng/ml) (R&D Systems,
Minneapolis, MN), and rm IL-7 (1 ng/ml) (Endogen, Woburn, MA)
were included to drive B lymphoid lineage differentiation. Cells fromAntibodies
each fraction (1000/well) were cultured for 10 days. At the end ofPhycoerythrin (PE)-conjugated anti-Sca-1 (Ly6A/E; D7), anti-CD19
culture, cells were counted on a hemocytometer and then subjected(1D3), anti-AA4.1, anti-erythroid (TER-119), and anti-CD4 (GK1.5)
to flow cytometry.mAbs, biotinylated anti-Flk2/Flt3 (A2F10.1), anti-CD19 (1D3) mAbs,
anti-CD8a (53-6.7), and anti-CD34 (RAM34) mAbs, and allophycocy-
anin (APC)-conjugated anti-CD11b/Mac-1(M1/70), anti-c-kit (2B8), Stromal Cell Coculture
anti-CD45R/B220 (RA3/6B2), and anti-Thy1.2 (53-2.1) mAbs, and Sorted cells were cocultured with MS-5 cells in 24-well plates. The
purified anti-PECAM-1 (MEC13.3) and anti-VE-cadherin (11D4.1) -MEM medium contained 10% FCS, rm SCF (20 ng/ml), rm FL (100
mAbs were all purchased from BD Pharmingen (San Diego, CA). An ng/ml), rm IL-7 (1 ng/ml), 2 mM L-glutamine, 100 U/ml penicillin, and
anti-IL-7R (SB/199.1) Ab prepared in this lab was also obtained in 100 mg/ml streptomycin. Cells from each fraction (500–1000/well)
PE-labeled form from BD Pharmingen. A PE-conjugated goat-anti were cultured for 10 days. At the end of culture, cells were counted
rat IgG Ab and a PE-conjugated goat anti-mouse IgM Ab were excluding stromal cells and then subjected to flow cytometry. We
purchased from Southern Biotechnology (Birmingham, AL). A phy- used a biotinylated anti-VCAM-1 (429 MVCAM.A) mAb (BD Phar-
coerythrin-Texas red tandem-conjugated streptavidin (PE-TR- mingen) in addition to CD19 and Mac-1 mAbs to exclude potential
streptavidin) was purchased from Caltag (Burlingame, CA). An APC- contamination of VCAM-1 MS-5 cells in the analyzed populations.
conjugated streptavidin was purchased from BD Pharmingen.
Reaggregated Fetal Thymus Organ Culture
Flow Cytometry 2-deoxyguanosine-treated fetal thymus lobes (d-GUO FT) were pre-
Fetal livers (E13–E15) or whole fetuses (E10.5–11) were minced be- pared by treating E15 Balb/c fetal thymus lobes with culture medium
tween two microscope slides to prepare cell suspensions. The cells containing 0.36 mg/ml 2-deoxyguanosine (Sigma Chemicals Co.,
were then sorted into GFP and GFP populations on the MoFlo St. Louis, MO) on polycarbonate membranes (Nuclepore, Whatman,
(Cytomation, Ft. Collins, CO) without prior lineage depletion or anti- Newton, MA) for 5 to 7 days. d-GUO FT were then trypsonized and
body staining. The sorted cells were incubated with the mixture of incubated with streptavidin-Dynabeads (Dynal A.S, Oslo, Norway)
rat IgGs (IgG1, IgG2a, IgG2b;; BD Pharmingen) for 15 min on ice and then which had been precoated with biotinylated anti-CD45 (BD Phar-
stained with mAbs conjugated with PE, APC, or biotin. Biotinylated mingen). CD45-negative thymus cells were collected with a mag-
antibodies were then detected by streptavidin-PE-TR or streptavi- netic separator, and 105 cells were put into each well of V-bottom
din-APC. In some experiments, sorted cells were incubated with 96-multiwell culture plates (Nalge Nunc International, Rochester,
purified anti-PECAM-1 or anti-VE-cadherin Abs without prior incu- NY) containing 200 l of cytokine-supplemented culture media and
bation with rat IgGs followed by staining with PE-conjugated goat- 103 sorted cells. Plates were centrifuged at 200  g for 10 min then
anti rat IgG. The cells were then stained with biotinylated anti-CD34 850  g for 10 min to form reaggregated lobes. The plates were
followed by APC-streptavidin, or with APC-anti-c-kit and biotinyl- sealed in plastic bags filled with 70% O2, 25% N2, and 5% CO2 gas
ated anti-CD34 followed by PE-TR-streptavidin. Flow cytometry mixture and incubated at 37	C for 2 weeks. Half the amount of
analysis was performed with a FACScalibur and the Cellquest pro- culture media was replaced every 5 days. The culture media was
gram (Becton Dickinson). RPMI 1640 containing 10% FCS, rm SCF (20 ng/ml), rm IL-7 (1
ng/ml), rm IL-3 (3 ng/ml), 5  105 M 2-ME, 2 mM L-glutamine,
100 units/ml penicillin, and 100 mg/ml streptomycin. At the end ofCell Sorting
culture, lobes were harvested and minced using the round ends ofFetal liver or cells obtained from adult femurs and tibias of 10-week-
toothpicks. The resulting cell suspension was then subjected to cellold heterozygous RAG1/GFP knockin mice were harvested and sub-
count and flow cytometry.jected to cell sorting. In the first step, the cells were sorted into
three populations (GFP, GFPLo, GFPHi) according to levels of GFP
expression. Background autofluorescence was discriminated from RT-PCR Analysis of Gene Expression
The mRNAs were isolated from sorted cells by MicroPoly(A) Pureauthentic GFP by collecting data in two fluorescence channels with-
out compensation. Under these conditions, even extremely low lev- (Ambion, Austin, TX). cDNA was prepared for DNase I-treated mRNA
using oligo-dT and MMLV reverse transcriptase (Gibco BRL). PCRels of fluoresence specific to GFP knockin mice were obvious on
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used a combination of ampli-Taq DNA polymerase (Takara, Shiga, R.C., and Allman, D. (2001). A common pathway for dendritic cell
and early B cell development. J. Immunol. 167, 1387–1392.Japan) and TaqStart antibody (Clontech, Palo Alto, CA) at 40 cycles
for RAG1 and RAG2 or 35 cycles for -actin. Products were resolved Jordan, C.T., McKearn, J.P., and Lemischka, I.R. (1990). Cellular
on 2% agarose gels and visualized by ethidium bromide staining. and developmental properties of fetal hematopoietic stem cells. Cell
Semiquantitative PCR reactions contained 200 M dATP, dGTP, 61, 953–963.
dTTP, 100M Dctp, and 0.5Ci [ 32P] dCTP. Aliquots were removed
Katsura, Y. (2002). Redefinition of lymphoid progenitors. Nat. Rev.
at cycles 25, 28, and 31 for -actin and cycles 32, 35, and 38 for all
Immunol. 2, 127–132.
others to insure that PCR remained within the exponential range of
Katsura, Y., and Kawamoto, H. (2001). Stepwise lineage restrictionamplifications. Five microliter aliquots were denaturated in a for-
of progenitors in lympho-myelopoiesis. Int. Rev. Immunol. 20, 1–20.mamide-loading buffer and applied to a 6% polyacrylamide gel con-
Kawamoto, H., Ikawa, T., Ohmura, K., Fujimoto, S., and Katsura, Y.taining 7 M urea. Incorporation of [32P] dCTP into PCR product
(2000). T cell progenitors emerge earlier than B cell progenitors inbands was quantified from dry gels using a PhosphoImager (Molecu-
the murine fetal liver. Immunity 12, 441–450.lar Dynamics, Sunnyvale, CA). Primers for all of these reactions have
been described elsewhere (Igarashi et al., 2002). Kincade, P.W., Igarashi, H., Medina, K.L., Kouro, T., Yokota, T.,
Rossi, M.I., Owen, J.J., Garrett, K.P., Sun, X.H., and Sakaguchi, N.
(2002a). Lymphoid lineage cells in adult murine bone marrow divergeAcknowledgments
from those of other blood cells at an early, hormone-sensitive stage.
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